In an attempt to demonstrate transduction of penicillin and tetracycline resistance in mice, experiments were performed in which mice were injected intravenously with a pathogenic recipient strain, S. aureus N135, and subsequently with transducing phage by the same route. Periodic assays of organs from infected mice revealed that maximal bacterial concentrations were attained in kidneys 6 days after infection, at which time the transducing lysate, containing approximtaely 5 X 1010 plaque-forming particles, was introduced. Isolation of tetracycline-resistant transductants from the kidneys of infected animals was facilitated by the therapeutic administration of tetracycline. In contrast, penicillin-resistant transductants, which produced penicillinase, were not found even when penicillin therapy was administered. Results showed that tetracycline-resistant transductants were recovered from as many as 40% of test animals in repeated experiments. Furthermore, in some of these mice the entire staphylococcal population of the kidneys was found to be tetracycline-resistant. Control infected animals which did not receive phage were uniformly negative for tetracycline-resistant staphylococci. The finding that phage levels were low or undetectable at a time when tetracycline-resistant organisms were recovered from test animals provided evidence that transduction had occurred in vivo.
were the first workers to demonstrate transduction of antibiotic resistance in Staphylococcus aureus. Their observation opened up new horizons for investigation of the perplexing problem of the frequent development of staphylococcal resistance to the commonly used antibiotics. Baldwin (1961, 1962) , employing various phages of the International Typing Series, which were propagated on suitable donors, successfully demonstrated transduction of resistance to chlortetracycline, novobiocin, penicillin, and the macrolide antibiotics.
The first demonstration of in vivo transduction of bacteria was that described by Velaudapillai (1960) , who showed that transduction of factors controlling synthesis of flagellar antigens could occur between strains of Salmonella species in live chick embryos and in mice. There have been no comparable reports of staphylococcal transduction to antibiotic resistance in animals. The objectives of this paper are: (i) Swanstrom and Adams (1951) was used routinely for preparation of phage stocks. By this procedure, phage titers of 5 X 109 plaque-forming particles (PFP) per milliliter were obtained routinely. For in vivo transduction experiments which necessitated the use of phage suspensions with increased titers, phage stocks were concentrated by centrifugation. Phage, in volumes of 35 ml, was sedimented in the Spinco model L ultracentrifuge at 73,500 X g for 1.5 hr; the pellets were resuspended in 2-ml volumes of TSB, and the filtrate obtained, after passage through Millipore filters mounted in a Swinny hypodermic adapter, provided stock containing titers greater than 5 X 109 PFP per milliliter.
In vitro transduction. The procedure for demotnstrating in vitro transduction was essentially that described by Ritz and Baldwin (1961) . Transducing phage and S. aureus N135 were mixed in reaction tubes, incubated at 37 C for 1 hr, and assayed for transductants on selective TSA plates containing penicillin, 0.12 units per milliliter, or tetracycline, 5 jAg/ml.
In vivo transduction. Mice were injected intravenously with 0.2 ml of an overnight broth culture of strain N135. Six days after infection the transducing lysate 80/2800 containing 0.5 to 6 X 1010 PFP per milliliter was introduced intravenously into the surviving animals. (Approximately 30% of the mice had died with staphylococcal infection by this time.) In some experiments, antibiotics were administered subcutaneously to aid in the selection of transductants. Mice were killed at intervals over a course of 6 weeks and their kidneys were assayed for total bacterial and phage content and for number of transductants. Cells of strain N135 which retained their initial phage-susceptibility pattern and acquired the selected antibiotic-resistance trait were considered to be transductants. Groups of infected animals which did not receive transducing phage served as controls to establish that antibiotic-resistant staphylococci did not emerge in the absence of phage.
RESULTS
Standardization of the transducing system in vitro. For the purpose of estimating the frequency of transduction of strain N135 by phage 80/2800 to penicillin and tetracycline resistance, determinations were performed on separate occasions. For these determinations the phage-bacterium ratios were one or less; cells were employed at an approximate concentration of 1010 per milliliter. The results of the nine experiments showed that 4.7 X 106 and 1.4 X 106 PFP were required for the production of each penicillin-resistant (penr) transductant and each tetracycline-resistant (tetrar) transductant, respectively. It should be noted that tetrar transductants were produced at a frequency approximately three-to fourfold greater than that of penr transductants.
To determine the effect of phage concentration on production of transductants, increasing concentrations of phage 80/2800 were mixed with a constant number of cells of recipient strain N135 (1.7 X 1010 per milliliter) in a series of reaction tubes and incubated at 37 C for 1 hr. The number of both types of transductants produced was found to be directly proportional to the concentration of phage (Fig. 1) derived from experiments in which kidneys emulsified in specific antiphage serum showed a greatly reduced incidence of transductants. The transductants, which were isolated from mice at a time when the titer of phage was less than 104 PFP per pair of kidneys, however, were considered to have been produced in vivo, since the phage concentration was below that required for in vitro penr or tetrar transduction. Consequently, the tetrar transductants isolated from the kidneys of 6 of 33 mice 2 to 4 days after phage administration and from 3 out of 20 mice after 5 to 14 days were considered to have been produced in vivo. None of the penr transductants isolated was considered to have arisen in vivo.
In vivo selection for resistant transductants. In experiments similar in design to those described previously, the therapeutic administration of tetracycline to test animals facilitated the selection of staphylococci which had been transduced to tetracycline resistance (Table 3) . Results showed that transductants were recovered from as many as 40% of the treated animals in repeated experiments. In the untreated group of animals, tetrar transductants were isolated from only 1 of 20 mice compared to 10 of 26 and 11 of 26 in the 0.2-and 2.0-mg tetracycline-treated groups, respectively. Furthermore, comparatively larger numbers of transductants could be isolated from animals receiving therapy than could be recovered from untreated animals. As many as 104 to 107 tetrar transductants per milliliter of kidney suspension were often recovered from treated animals; whereas the number recoverable from untreated animals was rarely greater than 5 to 10/ml of kidney suspension. These results undoubtedly reflect the production by antibiotic therapy of a selective environment which favored 0/25 * Tetracycline therapy was initiated 24 hr after phage was injected into the staphylococcal-infected mice; seven injections of tetracycline in concentrations of 0.2 or 2.0 mg were administered subcutaneously at 3-or 4-day intervals.
t Number of mice positive per number studied.
the multiplication of drug-resistant transductants over that of drug-sensitive cells. In some of the antibiotic-treated mice the entire staphylococcal population was found to be tetracycline-resistant. Such absolute selection occurred in 2 out of the 10 positive mice which had been treated with 0.2 mg of tetracycline and in 7 of 11 of the 2.0-mg group. Absolute selection was first detected 20 days subsequent to the initiation of therapy. After this period, practically all of the positive mice in the 2.0-mg group exhibited absolute selection. Groups of mice which received staphylococci without phage served as controls. No tetracycline-resistant staphylococci were recovered from the kidneys of any of these animals, regardless of whether or not they received tetracycline treatment. The finding that phage levels were low or undetectable at a time when tetrar cells were recovered from test animals provided strong evidence that transduction had occurred in vivo.
A similar attempt was undertaken to determine whether penicillin therapy would likewise aid in the detection of in vivo penr transductants. The results, however, were negative in that no penr transductants were recovered from the kidneys of 47 test mice receiving from 82 to 825 units of penicillin, subcutaneously, at 3-to 5-day intervals for nine total injections. DISCUSSION The problem of determining whether transductants isolated from kidneys had been produced in vivo or in vitro was resolved when the rate of survival of phage 80/2800 in the kidneys of mice was established. At a time when the concentration of phage in the kidneys was negligible, tetrar transductants could still be isolated, indicating that they were transduced in vivo. Tetracycline therapy greatly aided the detection of transductants at the expense of susceptible parental cells. In some situations, transduction was obviously masked without the aid of this selective force. A minimum of 20 days subsequent to the initiation of antibiotic therapy was found necessary for demonstration of absolute selection. If a higher dosage of tetracycline had been eiiiployed, this period possibly may have been shortened. Resistant isolates resembling transductants were never recovered from treated or untreated control-infected animals which had not received phage.
In vivo penr transductants capable of producing penicillinase were not isolated in limited attempts. Since the frequency for production of penr transductants in vitro is lower than that for tetrar transductants, inability to Our original goal was to reproduce in mice a situation which would mimic conditions which might be related to those involved in the origin and establishment of strains of resistant staphylococci in a hospital environment. The results of experiments presented in this paper do not favor the role of transduction occurring in vivo in the establishment of iesistant strains in humans. To accept the possibility that phage-mediated transduction occurs in vivo naturally, one must account for the presence of an unusually high phage population in the tissues. It is unlikely that concentrations of transducing phage such as those used in this study would be present in the human nares or elsewhere. This conclusion does not exclude, however, the possibility that populations of phage of this magnitude may be released in vivo by induction of lysogenic donor cells in a system such as that reported by Morse
